Systemic immune function is impaired by sleep restriction. However, the impact of sleep 39 restriction on local immune responses, and to what extent any impairment can be mitigated by 40 nutritional supplementation is unknown. We assessed the effect of 72-h sleep restriction (2-h 41 nightly sleep) on local immune function and skin barrier restoration of an experimental wound, 42
period (i.e., SR, n = 2 due to gastrointestinal virus or migraine; and, SR+, n = 1 due to inability 199 to stay awake). The investigators adhered to the policies for protection of human subjects as prescribed DOD 210
Instruction 3216.02 and the research was conducted in adherence with the provisions of 32 CFR 211
Part 219. The Clinicaltrials.gov identifier is NCT02053506. 212
Research procedures applicable to all experimental groups (AS, SR & SR+) 213 214
Assessment of General Sleep Patterns 215 216
Participants confirmed that they regularly slept 7-9 hours per night prior to the baseline 217 testing period. General sleep patterns were assessed during the baseline testing period via the 218 Morningness/Eveningness questionnaire, actigraphy, and a paper-and-pencil sleep diary. The 219
Morningness/Eveningness questionnaire (23) is a 19-item questionnaire that assesses 220 respondent's circadian preference, sleep-wake pattern for activity, and morning and evening 221 alertness; and was used as an initial screener wherein participants needed to score between 31 222 and 69 to remain in the study, thus avoiding extremes in "morningness" or "eveningness". 223
Participants wore an actigraphy monitor (Actical, Philips Respironics, Murrysville, Pennsylvania 224 or an equivalent) for five days prior to the blister induction (AS) or live-in portion of the study 225 (SR and SR+) to verify that they slept between 7 and 9 hours per night. Participants also 226 maintained a paper-based sleep diary, in which they recorded the time they went to bed (with the 227 intent to sleep) and the time they awoke. 228
Assessment of Life Stressors 229 230
The Perceived Stress Scale (13) was administered to all participants either within a week 231 of the blister induction (AS) or upon arriving to the lab for the live-in portion of the study (SR 232 and SR+) to assess life stressors in the previous month. This scale is a reliable and valid 14-233 item, widely used self-report measure of perceived stress, wherein respondents rate the 234 stressfulness of their life during the previous month. The items are answered on a 0 (never) to 4 235 (very) scale, with higher sum scores indicating greater perceived stress. 236
Anthropometrics

238
Standing height was measured at baseline, in duplicate using an anthropometer (Seritex, 239 Inc., Carlstadt, NJ or similar). Body weight was measured in shorts, t-shirt, stocking feet) at 240 baseline and either the morning of the blister induction (AS) or each day of the live-in portion of 241 the study (SR and SR+) using a calibrated electronic scale (Tanita WB-110A Class III, Tokyo, 242 Japan). 243 244  245 Venous blood was drawn from the forearm on the morning of the blister induction, and 246 ~3.0 mL of serum was used to prepare an autologous fluid mixture to be used in the suction 247 blister model (30% serum and 70% Hanks (+) buffer solution). CRP was assessed from serum 248 and analyzed in duplicate using Multiplex bead based on Luminex® technology. 249 Suction blisters were induced according to previously described methods (50). Briefly, a 250 vacuum pressure was applied to a polycarbonate template on the forearm to form a series of eight 251 blisters ( Figure 2 ). Blister fluid was subsequently sampled and the top of each blister was 252 removed. Polycarbonate wells (Figure 2) were secured over the blisters and the autologous fluid 253 mixture, which acts as a soluble chemotactic substance (62), was syringed into the polycarbonate 254 wells. The concentration of inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-α, MIP-1α and 255 MIP-1β) was assessed by removing fluid from distinct wells at 4-h (AS, SR and SR+), 7-h (AS, 256 SR and SR+), 24-h (AS, SR and SR+), and 48-h (SR and SR+) following blister formation. 257 258  259 The time to skin barrier restoration was assessed by measuring TEWL from individual 260 blisters using the VapoMeter (Delfin Technologies Inc., Stamford, CT). Beginning ~24-h after 261 blister formation, TEWL was measured twice each morning, from the lower four wound sites 262 and an adjacent, non-wounded, control site, and the paired measurements were averaged. If 263 values were not within 10% of each other, a third measurement was taken and the two closest 264 values were averaged. The TEWL measurements from wound number six were used to assess 265 skin barrier restoration, since the majority of participants developed a blister at this location (i.e., 266 all participants in AS and SR, and 18 of 20 participants in SR+) and our prior work indicated that 267 blister size was consistent between participants at this site. A 'Standard of Recovery' was 268 established using the TEWL values ~24 hours after blister induction (30): 269
Suction Blister Induction and Fluid Sampling
Transepidermal Water Loss (TEWL) to Assess Skin Barrier Restoration
[TEWL measurement from wound site -TEWL measurement from control site (both measured ~24 hrs 270 after blister induction)] x 0.10 271 The skin barrier was considered "restored" when a subsequent daily TEWL value (i.e., wound 272 site measurement minus control site measurement) met or exceeded the 'Standard of Recovery '. 273 Participant's daily TEWL values, from 24 hours post-blistering thru the day they reached the 274 'Standard of Recovery', were then exponentially regressed to better identify the precise moment 275 of skin barrier restoration. 276
Additional Research Procedures Applicable Only to Sleep Restricted Participants (SR and SR+) 277
Participants underwent approximately 72 hours of sleep restriction with 2-h sleep per 278 night in the laboratory to induce decrements in immune responsiveness and delay skin barrier 279 restoration, and to identify if additional protein combined with a multi-nutrient beverage could 280 mitigate these decrements (SR compared to SR+, Figure 1 ). Suction blisters were induced after 281 48-h of the sleep restriction protocol. The 72-h duration of sleep restriction with limited nightly 282 sleep was selected based on the somewhat typical wake-restricted sleep that military personnel 283 encounter during training (8) and combat missions ((34) . The sleep-wake pattern in this study is 284 also relevant to non-military emergency service personnel and medical interns, who may also 285 encounter short-term scenarios where sleep restriction is unavoidable (4, 55, 59); and, endurance 286 athletes who may self-impose sleep restriction during short-term, multi-day events (24, 33, 42) . 287
Study participants arrived to the laboratory the day before the sleep restriction period 288 began, and slept overnight at the laboratory. During the ~72 hour sleep restriction period, 289 participants slept only 2 hours per night and engaged in a variety of activities to maintain 290 wakefulness (e.g., exercise, video games, television, movies), similar to the activities that were 291 performed by participants in the free-living group that received adequate sleep (AS). supporting diets, since proteins are a vital component of collagen synthesis (10, 37, 39, 54) . 331
Some of the food items provided by the study diet were chemically analyzed (Covance Inc., or 332 equivalent) to confirm their composition of macronutrients and select micronutrients (i.e., 333 vitamin C, vitamin D, n-3 fatty acids and/or zinc). Registered Dietitians prepared each 334 participant's daily meals and snacks, and food consumption was monitored by trained study 335 staff. Dietary intake was analyzed for nutrient content using computer-based nutrient analysis 336 software (Food Processor, ESHA Research, Salem, OR). Participants were instructed to refrain 337 from caffeine three days prior to the sleep restriction period to avoid the effects of caffeine 338 withdrawal during the sleep restriction period, and were not allowed to consume any other food 339 or beverages other than those provided. Whole blood was drawn from a forearm vein daily, upon waking, during the live-in 371 portion of the study. Cortisol, growth hormone, CRP, and cytokines were assessed from serum. 372
Cytokines and CRP were measured, in duplicate, using Multiplex bead based on Luminex® 373 technology. Cortisol and growth hormone were measured using the Immulite immunoassay 374 system (Siemens Healthcare, Erlangen, Germany). Vitamin C and 25-hydroxyvitamin D were 375 measured from blood on the morning of day 1 before sleep restriction to determine background 376 micronutrient status, using colorimetric (BioVision, San Francisco, CA) and enzyme linked 377 immunosorbent assay kits (R&D Systems, Minneapolis, MN) respectively. 378
Calculations and Statistical Analyses 379
The primary dependent variable of interest was skin barrier restoration rate, and 380 secondary variables of interest were cytokine concentrations from the wound fluid. Mean and 381 variance data from our prior work (50) were used for sample size calculations, and indicated that 382 20 participants were required to detect a 0.75 day (or 15%) difference in skin barrier restoration 383 time between groups (α = 0.05, power = 0.80). Sample size calculations using 24-hr 384 concentrations of IL-8, IL-6 and TNF-α from our prior work (50) indicated that ~20 participants 385 were required to detect a ~40% difference in cytokine response (α = 0.05, power = 0.80). 386
Area-under-the curve (AUC) values were calculated for each participant using data 387 obtained from autologous wound fluid sampled following blister formation (i.e., wound 388 cytokines concentrations). Briefly, "Area under the curve with respect to the increase" (AUCi) 389 (44) represents the total AUCi for all measurements with consideration for the time difference 390 between each measurement and their distance from the baseline value. In the few cases (n = 3) 391 when no autologous wound fluid was available at the designated time-point(s) due to leakage 392 from the well(s), the group mean was substituted in place of the missing value to calculate AUCi. 393
In cases where values were either more than 3 SDs from the mean or below the limits of 394 detection, either the group mean or zeros, respectively, were substituted to calculate AUCi. 395 Statistical analyses were conducted using the IBM SPSS statistical package version 19.0 396 (IBM Inc., Armonk, New York). Data were examined for outliers both quantitatively and 397 graphically, and normal distribution of data was confirmed via the Shapiro-Wilk test. Data that 398
were not normally distributed (i.e., cytokine serum and wound concentrations, CRP and GH) 399 were log transformed (log10). Repeated measures analysis of variance (ANOVA) was used to 400 assess changes in body weight over time. Independent samples t-test was used to determine 401 differences between AS and SR, and SR and SR+ for skin barrier restoration rate, cytokine 402 concentrations from post-blister wound fluid (AUCs), and baseline measures (i.e., MEQ and PSS 403 scores, CRP, 25-hydroxyvitamin D status, vitamin C status, and average sleep). The study was 404 not powered to compare AS versus SR+, because this comparison was not of interest. 405
Additionally, linear mixed models with first order autoregressive covariance type was used to 406 determine main effects of time and condition, and their interactive effects with regard to cytokine 407 concentrations in blister wound fluid and serum, and GH, CRP and GH concentrations. When 408 significant main effects or interactions were observed, all possible t-tests were conducted and the 409 Bonferroni correction was used to control the familywise error rate. Results are presented as 410 mean (± SD), unless otherwise noted. A two-tailed "p" value of 0.05 was considered statistically 411 significant. 412
RESULTS
413
Baseline Measurements 414
The dietary intake survey confirmed that participants did not habitually consume omega-415
There were no significant differences in any baseline measures between AS and SR or SR and 417 SR+, with the exception of higher 25-hydroxyvitamin D concentrations for SR compared to SR+ 418 (Table 1) were excluded from calculations, since less than 70% of autologous serum added to the 431 chambers immediately post-blistering was recovered from these wells at the follow-on time-432 points. Wound fluid concentrations of IL-6, IL-8, MIP-1α, MIP-1β and TNF-α significantly 433 increased over time for both AS and SR. A group x time interaction was observed for IL-8 434 (p<0.0001), wherein the mean concentration was higher for SR compared to AS at 7-h (log 10 2.6 435 ± 0.4 pg·mL -1 and log 10 2.3_± 0.3 pg·mL -1 , respectively, P = 0.004); and, IL-8 concentration 436 over the total sampling period (i.e., AUCi log10 ) was significantly higher for AS compared to SR 437 (5.1 ± 0.2 pg·mL -1 and 4.9 ± 0.2 pg·mL -1 , respectively, P = 0.03). No other significant between 438 group differences were detected. 439 TDEE, respectively (P = 0.9). Body weight was not significantly different over time within or 447 between groups during the sleep restriction period (P = 0.5 and P = 0.6, respectively), indicating 448 that participants were in energy balance. There were no differences in dietary intake between SR 449
Effect of a multi-nutrient beverage on local inflammation and skin barrier restoration in
and SR+ prior to the 72-hr live-in periods (Table 2 ). Per the study design, dietary intake of 450 protein (i.e., total grams, grams per kg body weight and percent of total energy intake), arginine, 451 glutamine, omega-3 fatty acids, vitamin D, vitamin C and zinc were significantly higher for SR+, 452 compared to SR, during and after the sleep restriction period (Table 2) . Vitamin A was also 453 significantly higher for SR+ compared to SR ([mean difference ± SE] 512 ± 91 IU, p < 0.0001), 454 during the sleep restriction period, due to higher intake of cheese products in the prescribed study 455 diet. Daily energy intake was [mean difference ± SE] 585 ± 146 kcals lower for SR compared to 456 SR+ during the 5-d follow-up period (p<0.0001). 457 458  459 Compliance with the beverage prescription during and after the sleep restriction period 460 was 100% and 99.7%, respectively (i.e., one participant in SR+ reportedly forgot to consume the 461 beverage on the afternoon of Day 7, thus consumed only half of the daily dose of nutrients 462 provided by the beverage on that particular day). 463
Multi-nutrient Beverage
Systemic Markers of Inflammation and Immune function 464 465
For both SR and SR+, serum GH concentrations on day 1 were significantly lower, and 466 circulating cortisol concentrations were significantly higher, compared to all other time points 467 Figure 3 . No within group changes over time were detected for CRP. A group x time 468 interaction (p<0.0001) was detected for cortisol which tended to be higher, or was significantly 469 higher, in SR compared to SR+ on the morning of day 2 ([mean difference ± SEM] 2.1 ± 1.2 470 µg/dL and, P=0.07) and day 4 ([mean difference ± SEM] 4.7 ± 1.2 µg/dL, p<0.0001), 471
respectively Figure 3 . 472 There were no within group changes for SR and SR+ in terms of IL-1β, IL-6, IL-8, MIP-473 1α and MIP-1β serum concentrations; however, TNF-α serum concentration significantly 474 declined from day 3 (log 10 1.253 pg·mL -1 ) to day 4 (log 10 1.156 pg·mL -1 , P = 0.002) for SR. 475
Although there was a main group effect (p<0.05), wherein serum concentrations were higher for 476 Time to skin barrier restoration was not significantly different between SR (5.0 ± 0.9) and 494 SR+ (4.6 ± 0.8 days), P = 0.18; and, results were unchanged when baseline 25-hydroxyvitamin D 495 concentrations, vitamin A intake during the sleep restriction period or energy intake during the 5-496 day recovery period were used as covariates. 497
DISCUSSION
498
In this investigation we confirmed our initial hypothesis that skin barrier restoration was 499 delayed for participants who underwent 72-h of sleep restriction with 2-h of sleep per night in a 500 laboratory compared to participants who were adequately rested, with some degradation in 501 cytokine response at the wound site during the initial phases of wound healing. Our second 502 hypothesis was partially confirmed, wherein concentrations of pro-inflammatory cytokines at the 503 wound site were higher during the initial phase of wound healing for participants who consumed 504 habitual protein intake and a twice daily multi-nutrient beverage during and after 72-h of sleep 505 restriction with 2-h sleep per night compared to participants who received a lower protein intake 506 with placebo beverage. However, we were unable to detect differences in skin barrier recovery in 507 response to the nutrition intervention. 508
The finding that sleep restriction in a laboratory environment delayed skin barrier 509 recovery, compared to free-living, adequately rested participants, is consistent with studies that 510 investigated the impact of chronic and acute psychological stress on wound healing (2, 21, 30, 511 31, 36) . Further, Altemus et al. (2001) suggested that skin barrier function was perturbed after 512 42-h of total sleep deprivation, however, authors only measured skin barrier recovery within 3 513 hours following tape stripping (i.e., up to 75% recovery). Using the suction blister model, 514 Kiecolt-Glaser et al. (2005) reported that skin barrier restoration was delayed by ~1 day 515 following a 30-min adverse social interaction (i.e., verbal disagreement), compared to a 30-min 516 positive social interaction, with their spouse. Roy et al. (2005) similarly reported that college 517 examination stress delayed suction blister wound healing time by ~2 days. Taken together, 518 findings from the current study and past investigations confirm that stressors, including sleep 519 restriction, ultimately delay healing of an experimental wound. That decrements in wound IL-8 520 concentration over the total sampling period in the present study were lower in participants who 521 underwent sleep restriction in a laboratory compared to free-living participants who were 522 adequately rested suggests that the delayed wound healing in response to sleep restriction in a 523 laboratory may be attributed to perturbations in the inflammatory response during the critical 524 early phases of wound healing, as has been previously suggested by studies of psychological 525 stress (20, 30) . However, decrements in the later phases of the wound healing cascade may also 526 be responsible for delayed healing after sleep restriction which can be assessed in future trials by 527 sampling wound fluid beyond 48-h post-blistering. 528
We did not detect any changes in circulating markers of immune function over the course 529 of the sleep restriction period, compared to baseline concentrations, with the exception of a 530 decline in serum TNF-α concentration from day 3 to day 4 of the sleep restriction period. Of 531 note, circulating cytokines on the morning of "day 1" may not have been an accurate depiction of 532 "baseline" concentrations given that participants spent the previous night in the laboratory (i.e., 533 an unaccustomed environment) and were potentially anxious about the impending sleep 534 restriction and related study activities. In support, the baseline concentrations of IL-1β and TNF-535 a in the current study were more than three-fold higher than the pre-sleep restriction values 536 reported by Altemus et al (2001) . Regardless, acute sleep loss, either partial or total, seems to 537 produce differential results with regard to the peripheral inflammatory cytokine response with 538 some studies showing an increased production of pro-inflammatory cytokines (2, 18, 22, 25, 28, 539 57, 58) and others reporting no change over time (1, 48, 52) . Further, cytokine concentrations 540 from peripheral blood are thought to provide a 'snapshot' of systemic immunity, but may not 541 reflect local immune responses (20, 30) . 542
We did not detect significant differences in skin barrier recovery in participants who 543 consumed supplemental nutrients during and after the sleep restriction period compared to those 544 who received a non-nutritive placebo. The failure of the nutrition intervention to affect skin 545 barrier recovery was surprising, given the higher concentrations of pro-inflammatory cytokines 546 at the wound sites during the initial phase of wound healing in participants who received the 547 nutrition intervention relative to those who received the placebo. There are few studies that have 548 tested the efficacy of nutrition interventions on wound healing outcomes in healthy adults. 549 Williams et al. (2002) reported that collagen deposition, as measured by the content of 550 hydroxyproline in a subcutaneously-placed catheter, was higher in healthy older adults who 551 consumed a mixture of arginine (7 g), β-hydroxy-β-mthylbutyrate (HMB, 3 g) and glutamine (14 552 g) versus placebo twice daily for 14 days. Two other studies supplemented the diets of healthy 553 younger (~30 years) and older adults (~70 years) with 30 g/d of arginine and demonstrated 554 higher collagen deposition at an experimental wound site and increased peripheral blood 555 lymphocyte mitogenesis compared to placebo (3, 32). Those findings lead us to expect that the 556 nutrition intervention would accelerate skin barrier restoration. However, another published 557 human study that tested the efficacy of a nutrition intervention (i.e., 4 weeks of 558 eicosapentaenoic/docosahexaenoic polyunsaturated fatty acid, PUFA, supplements) on skin 559 barrier restoration did not detect a significant difference between the experimental and placebo 560 group (38). Therefore, it is possible that the nutritional intervention used in this study lacked the 561 effect magnitude to allow detection of improved healing time. 562
We observed that the nutrition intervention group experienced higher IL-6, IL-8 and 563
MIP-1β concentrations at the wound site during healing, compared to the placebo group, which 564 potentially indicates an enhanced response during the early phases of wound healing. These 565 findings are consistent with Martinez et al. (2004) and McDaniel et al. (2008) who also reported 566
higher cytokine expression at a wound site (i.e., IL-1β, with a trend for higher IL-6 and TNF-α, 567 concentrations) within 24-h of blistering, with no significant differences in healing time in 568 participants who were either supplemented with PUFA or placebo for 4 weeks. Although the 569 functional significance of altered local cytokine concentrations in the present context remains 570 unclear, increased expression of pro-inflammatory and chemotactic cytokines during the initial 571 phase of wound healing is thought to be advantageous given their multifaceted roles that are 572 expected to promote healing, e.g., enhancing phagocytosis, stimulating the migration of 573 keratinocytes at the edges of the wound, promoting fibroblast chemotaxis and proliferation, and 574 stimulating re-epithelialization, tissue remodeling and the formation of new blood vessels (16, 575 47, 60) . Taken together, the somewhat equivocal findings in the current study suggest that 576 additional research is warranted to elucidate the functional implications of enhancing local 577 immune responses. 578
Contrary to expectations, we did not detect an increase in cortisol concentrations or 579 decline in growth hormone over the course of the sleep restriction period, as has generally been 580 demonstrated in the literature in response to acute sleep restriction (6, 19, 26, 48) . Similar to the 581 current study's results, Altemus et al. (2001) reported no change in cortisol in response to 42-h of 582 total sleep deprivation compared to baseline levels (6.1 ± 0.9 and 5.5 ± 0.9 µg/dL, respectively). 583
Since normal variations in hormone concentrations (e.g., cortisol) occur across a 24-h period, it 584 would be advantageous to sample circulating levels at multiple time-points throughout the day to 585 further characterize the response and also to measure catecholamines. 586
This study has limitations that should be considered in terms of data interpretation and 587 planning of future trials. We cannot exclude the possibility that differences in housing conditions 588 between AS and SR contributed to the observed differences between these groups. However, 589 any stressors experienced during the free-living AS phase would be expected to bias results 590 towards the null and living in the laboratory during the sleep restriction period was part of the 591 stressor in Phase 1 of the study. Additionally, greater-than-expected variability between 592 participants may have decreased our ability to detect differences between the sleep restriction 593 groups in terms of skin barrier restoration. Additionally, both groups reportedly consumed ~1.5 594 g protein per kg body weight leading up to the sleep restriction period, which was consistent with 595 the prescribed protein intake for SR+ but higher than the prescribed protein intake of SR, thus 596 potentially confounding the results. Therefore, including a protein-controlled diet prior to the 597 intervention to habituate liver enzymes to the prescribed protein intake is prudent. Lastly, while 598 energy intake was different between the sleep restriction groups during the five day follow-up 599 period, the estimated energy imbalance was < 100 kcals·d -1 for three of the five days. Further, 600 it's unlikely that a mild energy deficit for the remaining two days affected wound healing (54) 601 and results were unchanged when energy intake was included as a covariate in the analysis. 602
Despite these shortcomings, this study provides valuable insight into the local pro-inflammatory 603 response and tissue remodeling processes, and nutritional interventions to support the innate 604 immune system, during and after sleep restriction. 605
CONCLUSION 606
Herein, we demonstrate that the suction blister model is an effective model for testing the 607 Table 2 : Diet characteristics of participants who underwent 72-h sleep restriction without (SR) and with (SR+) multi-nutrient beverage Independent samples t-test was used to determine differences in nutrient intake between SR and SR+ during each study period (i.e., indicated in the column headings); *indicates significant difference from SR, p<0.05; **indicates significant difference from SR, p<0.0001. ANOVA was used to determine within group differences between each study period (e.g., live-in and post-study). Similar superscript letters indicate significant within group differences for each nutrient (p<0.05). Linear mixed models with first order autoregressive covariance type was used to determine main effects of time and condition, and their interactive effects. When significant main effects or interactions were observed, all possible t-tests were conducted and the Bonferroni correction was used to control the familywise error rate. Values are means ± SD. a significant within group difference from Day 1 (p<0.05); b significant within group difference from day 4 (p<0.05); 1 significantly different from SR+ (p<0.05), *indicate significant difference between groups at specified time-points (p <0.0001).
Log (10) , 1 = indicates significant between group difference at specified time-point (p<0.05). Linear mixed models with first order autoregressive covariance type was used to determine main effects of time and condition, and their interactive effects. When significant main effects or interactions were observed, all possible t-tests were conducted and the Bonferroni correction was used to control the familywise error rate. Independent samples t-test was used to determine differences between groups in terms of total cytokine concentrations (AUCs). Values are means ± SD.*indicates significant differences between SR and SR+ in terms of AUCs.
